Polylactides (PLAs) and polylactones are sustainable and biodegradable polymers with important applications in packaging, horticultural materials, and biomedical fields. The enzymatic ring-opening polymerization (ROP) method represents a 'green' approach to the synthesis of these polyesters.
Introduction
Polylactide (PLA), oen referred to as poly(lactic acid), is a sustainable biopolymer because the monomer lactic acid or lactide can be produced from the microbial fermentation of agricultural by-products including carbohydrate-rich substances.
1 PLA and its derivatives, as an important part of aliphatic polyesters, are thermoplastic, biodegradable, renewable and biocompatible polymers with mechanical properties similar to those of polystyrene or polyethylene terephthalate.
2
PLA has a wide range of applications in packaging and horticultural materials;
3 in addition, due to its high biocompatibility and the lack of toxicity, PLA has major uses in biomedical elds including controlled drug delivery carriers, tissue engineering scaffolds, surgical suture and bone xation materials. 1, [4] [5] [6] There are several common routes for preparing PLA but each of them has some drawbacks: (a) a direct polycondensation polymerization usually results in a low molecular weight PLA with poor mechanical properties; (b) azeotropic condensation polymerization can yield high molecular weight PLA (such as M n up to 300 000), 7 but this method has several disadvantages including the need for high temperature, the continuous removal of byproducts (such as water) and long reaction times; (c) solid state polymerization (SSP) operates at a temperature above the glass transition temperature but below the melting temperature, 8 and has the advantage of producing high molecular weight and ne control of side reactions but requires a much longer reaction time than in melt state or solutions; (d) on the other hand, ring-opening polymerization (ROP) of lactide (LA) (cyclic dimer of lactic acid) through coordination polymerization with metal derivatives such as tin(II) octoate [Sn(Oct) 2 ] or tin(II) butoxide (PLA M n up to $10 6 ), 9 anionic polymerization (such as strong bases with alcohols), or cationic polymerization is industrially preferred to achieve high molecular weight PLA in bulk (in the melt/absence of solvent); 1, 10 however, the drawback from this option is the residues of metal catalysts in polyesters; this could be disadvantageous for medical and electronic applications although 10 ppm Sn(Oct) 2 residue in PLA is generally considered to be safe. ester with M w 40 000, polydispersity index (PDI) 1.13 and yield 54.1%. When the ROP reaction in toluene was catalyzed by free CALB at 100 C for 24 h, Yoshizawa-Fujita et al. 12 obtained PLA with M n ¼ 44 100, PDI ¼ 1.15 and yield ¼ 26.9%. Using the biphasic system of supercritical CO 2 and melted L-lactide, M w up to 12 900 of PLA was obtained when the ROP was catalyzed by Novozym 435 under a low initial water activity (a w < 0.16) at 65 C. 13 Several common ionic liquids have been examined in the enzymatic polymerization of lactide catalyzed by CALB. The Yoshizawa-Fujita group 12 carried out CALB-catalyzed ringopening polymerization of 
15
On the other side, there have been inconsistent reports on "which enzyme is more active towards L-lactide?" and "what is the role of solvents?". As summarized in Table S1 (ESI †), most reactions were conducted under so called "dry conditions", but the exact water contents in solvents, enzymes and monomers were not determined. It is well known that water is the initiator of the ROP reaction, but an excess amount of water leads to the enzymatic hydrolysis of polyester. 6, 16, 17 In addition, there have been mixed reports on the lipase specicity on L-and D-lactide. Matsumura et al. 18 observed no activity of Novozym 435 toward the ROP of D,L-lactide, but a high activity for Pseudomonas cepacia lipase PS and a modest activity for Cundidu cylindruceu lipase and porcine pancreatic lipase (PPL). Under the optimum conditions, lipase PS gave weight-average molecular weights (M w ) up to 126 000 and 16% yield at 130 C. This group 19 further demonstrated that PPL exhibited a high activity for the copolymerization of lactide and trimethylene carbonate, resulting in M w up to 21 000 and 40% yield. Therefore, it is suggested 20, 21 that CALB has a better selectivity toward D-lactide than L-isomer, whilst lipase from Burkholderia cepacia (known as lipase PS) is more specic toward L-lactide. Duchiron et al. 21 indicated that the addition of triethylamine could activate the lipases, resulting in 4900 M n and 89% yield for Novozym 435-catalyzed ROP of D-lactide, and 1800 M n and 80% yield for lipase PScatalyzed ROP of L-lactide. On the contrary, a number of studies still reported the synthesis of relatively high molecular weights of polylactide catalyzed by Novozym 435 in organic solvents and ionic liquids (see Table S1 †). For example, Omay et al. 22 carried out the polymerization of D,L-lactide in dry toluene at 80 C, and obtained M n of 26 000 and 21 000 when using Novozym 435 and free CALB, respectively. To clarify the inconsistent results of the enzymatic ROP of lactides, we aim to examine some key factors of the ROP reaction including different organic solvents and ionic liquids, water contents in the reaction system, different lipases and initiators. These evaluations will provide some guidance towards the future rational design of the enzymatic polymerization for polyester synthesis.
Experimental section

Materials
The items purchased from Sigma-Aldrich include L-(À)-lactide (catalog # 367044), DL- was withdrawn and diluted with 1.0 mL CDCl 3 followed by centrifugation. For gel permeation chromatography (GPC) analysis (a type of size exclusion chromatography, SEC), 50 mL reaction aliquot was withdrawn and diluted with 1.0 mL THF, and the mixture was centrifuged before the GPC injection (see GPC conditions below in Polymer characterization). To obtain the solid product, aer evaporating chloroform, the polymer was precipitated by adding ice-cold methanol and was separated by centrifugation or vacuum ltration. The polyester was air-dried for 24 h. The overall water content of the reaction mixture was determined by mixing the reaction mixture (monomer, lipase and solvent) with 5.0 mL anhydrous methanol under gentle stirring at room temperature for 24 h. The water contents in methanol before and aer the mixing were determined by the Karl Fischer titration. The overall water content in the reaction mixture was calculated from the water contents in methanol before and aer the mixing.
Enzymatic ROP of 3-caprolactone. The substrate (0.5 g of 3-caprolactone; density 1.03 g mL À1 ) was dissolved in 0.25 mL solvent, followed by the addition of 100 mg Novozym 435. The reaction mixture was sealed tightly and stirred at 70 C in oil bath. At the completion of reaction, the reaction mixture was cooled to room temperature and then 2.0 mL CDCl 3 was added to dissolve the polyester under vigorous agitation. For NMR analysis, 50 mL aliquot was withdrawn and diluted with 1.0 mL CDCl 3 following by centrifugation. For GPC analysis, 50 mL aliquot was withdrawn and diluted with 1.0 mL THF, and the mixture was centrifuged before GPC injection (see GPC conditions below in Polymer characterization). To obtain the solid product, aer evaporating chloroform, the polymer was precipitated by adding ice-cold methanol and was separated by centrifugation or vacuum ltration. The polymer was air-dried for 24 h. Polymer characterization. The lactide conversion was monitored by 1 H NMR by comparing the peak area of methine group (CH) adjacent to carbonyl group in the monomer (5.04 ppm) and in the polymer (5.16 ppm).
12 Monomer 3-caprolactone conversion was determined by 1 H NMR by comparing the integrated signal areas of the methylene groups next to the carbonyl group in the monomer 3-caprolactone (CL) (4.23 ppm) and poly(3-caprolactone) PCL (4.07 ppm). 25 In addition, the degree of polymerization (DP) was estimated from the ratio of integration of the signal at 4.07 ppm assigned to the CH 2 O groups of PCL main chain to the integration of the signal at 3.6-3.7 ppm assigned to the chain-end (CH 2 OH, and CH 3 O), which led to the calculation of
The molecular weight (M w ) and PDI of the polyester were determined by GPC equipped with a LC-20AT Shimadzu HPLC with SPD-20A UV-visible dual-wavelength and refractive detectors, two PLgel MIXED-B 10 mm, 300 Â 7.5 mm columns (Agilent) eluted with 1.0 mL min À1 THF at 40 C. 28 Calibration was achieved by using polystyrene standards from 570 to 62 500 (M w ). 22 The polyester structure was also conrmed by 1 H and 13 C NMR (JEOL 300 MHz) in CDCl 3 and FT-IR (Shimadzu IR Prestige-21). 12, 22, [29] [30] [31] [32] The specic optical rotation of the polymers, [a], was determined in chloroform at a concentration of 10 mg mL À1 at room temperature using a Rudolph Autopol III polarimeter at the wavelength of 589 nm. Circular dichroism (CD) spectra of CALB. Free CALB was dissolved in phosphate buffer (50 mM, pH 7.0) to make a 0.1 mg mL À1 solution. The background CD spectrum was scanned with the corresponding buffer. An aliquot of the mixture was scanned in the range of 190-250 nm (far UV) by a JASCO J-825 CD Spectrometer (Tokyo, Japan) purged by N 2 . The instrument parameters were set as the following: data pitch 0.1 nm, scanning speed 100 nm min À1 , band width 1.00 nm, slit width 100 um, DIT 1 s, standard sensitivity, 5 accumulations, and the cell temperature of 25 C.
Results and discussion
In our experiments, the water contents in all lipases, monomers and solvents were determined by the Karl Fisher titration with the detection limit of 1 ppm water (see Table S2 in ESI †). All solvents were obtained as the anhydrous grade or the high purity grade with the lowest possible water content. In this study, molecular weights (M w and M n ) were determined by GPC analysis using polystyrene calibration; those of poly(3-caprolactone) were also determined by 1 H NMR analysis.
Effect of water content in lipases on ROP
Water molecules associated with enzymes (including lipases) could be classied into two categories: water at the surface layer of enzyme molecules is called 'essential water' (or 'free water', or 'hydration water'), and water buried inside enzyme molecules is known as the 'bond water' (or 'structural water'). 21, 33, 34 It was observed that under intensive drying over P 2 O 5 , lysozyme and subtilisin Carlsberg lost the layer of 'essential water', but still kept 3-4 and 14-16 structural water molecules per enzyme molecule, respectively. 35 Since the Karl Fischer titration only determines 'free water' available in the solution, not any trapped or inaccessible water to the Karl Fischer reagents; 33, 36 therefore, it is most likely that only the 'free water' could be determined by the Karl Fischer titration. 6 ] (containing 0.02 wt% water). In general, the molecular weight of PLA decreases (trials 1 > 4, 6 > 9, 13) with the increase in initial water content in the immobilized lipase. When the enzyme was exposed to saturated LiCl solution (a w ¼ 0.11), the lipase's water content increased to 2.26-2.62 wt%, and the molecular weight of PLA slightly decreased (trial 2 vs. 1, 5 vs. 4, 7 vs. 6, and 11 vs. 9 in Table 1 ). The Gross group 33 varied the water contents (e.g. 0.6, 1.15 and 1.95 wt%) of Novozym 435 and found a higher water content resulted in a lower molecular weight of PCL. The Sayer group 40 indicated that drying Novozym 435 (the water content decreased from 1.74 wt% to 0.77 wt%) lead to a drop in polyester yield but an increase in molecular weight during the ROP of u-pentadecalactone in supercritical CO 2 using dichloromethane or chloroform as co-solvent. On the other hand, when the thermodynamic water activity further increased to a w ¼ 0.33 (2.77-3.62 wt% water), the PLA's molecular weight maintained unchanged (such as trials 3 and 12 in Table 1 when comparing with those at a w ¼ 0.11), or even increased (trial 8). Therefore, the free water content in the enzyme plays a critical role in the enzymatic polymerization reaction.
Effect of different solvents and water contents on ROP
The enzymatic ROP of L-lactide catalyzed by Novozym 435 was evaluated with the presence of different co-solvents (see Table 2 , trials 1-3 for solvent-free/in bulk, 4-25 for organic solvents, and 26-44 for ionic liquids). At rst, we noted that a higher temperature (e.g. 6 ] induced the lowest amount of decomposition of polymer matrix during the melt-blending process (at 180-230 C), and even 6 ] was only 0.02 wt%, the overall water content of the reaction system in trial 36 was determined to be 0.26 wt% (see Experimental section) because of the presence of water in the enzyme and monomer molecules. If the moisture was purged out of the reaction system aer heating the reaction at 130 C for 10 min (trial 39), the overall water content was reduced to 0.19 wt%; however, the molecular weight of PLA decreased to 13 000 instead of increasing as predicted. Therefore, minimizing the water content in ROP is critical for achieving a high molecular weight of polyester, however, if the water content becomes too low, the enzymatic polymerization may not be efficient since water is also acting as the initiator.
17,47
In terms of the lipase specicity towards L-, D-, and DL-lactide, we compared the respective reactions in DMA (trials 16, 18, and 19) [36] [37] [38] and found that overall L-lactide resulted in the highest molecular weight and yield. Many literature examples concurred that Novozym 435 has the specicity towards L-lactide.
5,48
However, some groups argued 20, 21 that CALB exhibits a better selectivity toward D-lactide than L-isomer, whilst lipase from Burkholderia cepacia (i.e. lipase PS) is more specic towards L-lactide. Matsumura et al. 18 observed no activity of Novozym 435 towards the ROP of D,L-lactide, but a high activity for Pseudomonas cepacia lipase PS and a modest activity for Cundidu cylindruceu lipase and porcine pancreatic lipase (PPL).
Effect of enzyme preparations and different initiators on ROP
It is known that Novozym-435 contains about 10 wt% Candida antarctica lipase B (CALB) immobilized on a macroporous acrylic resin. 49, 50 We used the equivalent amount of free CALB (10 mg vs. 100 mg Novozym 435) and observed a low molecular weight of 2800 (trial 46 in Table 2 ). However, since free CALB takes much less volume in the reaction mixture than its immobilized form, we were able to add a high amount (50 mg) of free CALB in the ROP reaction. As a result, a high molecular weight (17 500) and a relatively high yield (34%) were achieved. Other forms of CALB also led to high molecular weights, such as Cross-Linked Enzyme Aggregate (CALB-CLEA, trial 47) and CALB on Immobead 150 (trials 48 and 49) . Most other lipases (trials 50-59) showed relatively low activities leading to low molecular weights, except lipase PS (trial 52), PPL (trial 53), and lipase A from Aspergillus niger (trial 58).
We also deployed different initiators (trials 60-64 in Table 2 ) for the enzymatic polymerization in DMA, such as ethylene glycol, triethylene glycol, glycerol and phenylethanol. But these initiators could not produce the high molecular weights as using water as the initiator (see trials 15-23 in Table 2 ).
Enzymatic ROP of 3-caprolactone
Based on the above understanding of reaction conditions for PLA synthesis, we further evaluated the enzymatic ROP of 3-caprolactone to produce poly(3-caprolactone) (PCL). A solventfree reaction at 70 C for 2 days (trial 1 in Table 3 ) gave a relatively high M w 20 700 and a high yield of 56% (PDI ¼ 1.45). The similar reactions in DMA (0.25 mL, trials 2 and 3 in Table 3 ) suggested a higher M w up to 23 000, but even higher DMA contents (trials 4 and 5) caused lower molecular weights, which is in line with earlier study on PLA synthesis. A longer reaction time (7 days, trials 6 and 7) and a higher temperature (130 C, trials 8 and 9) led to lower molecular weights, possibly due to the polyester degradation under these conditions. Surprisingly, free CALB (trial 10 in Table 3 ) failed to synthesize a high molecular weight of PCL, which is in contrast to the PLA reaction (trial 45 in Table 2 ). The use of [BMIM] [PF 6 ] produced a comparable molecular weight (M w 20 700) as in bulk, but a lower yield of 46%.
To understand the severity of the reaction conditions on lipase structures, circular dichroism (CD) spectra of CALB were recorded in the far-UV region (190-240 nm) for native CALB, and CALB samples aer PLA and PCL synthesis (Fig. 1) . The CD spectrum of native CALB shows a characteristic minimum band at 208 nm and a positive band at about 197 nm, which corresponding to about 34% a-helical structure. 51, 52 However, following the reactions of PLA and PCL syntheses, all CALB lost their characteristic bands indicating the disrupted secondary structures of lipase aer the severe reaction conditions.
Conrmation of polyester structures and optical rotation
The structures of poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) were conrmed by 1 H and 13 C NMR spectra, and FT-IR spectra, as well as by the optical rotation of these polyesters. of PLLA was reported to be À156 . 54 Our PLLA (trial 1 in Table 1 ) and PDLA (trial 37 in Table 2 ) were determined to be À105 and +102 respectively, suggesting both polyesters are primarily isotactic. As shown in Fig. S1 
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Evaluating the reliability of M n from GPC
The Duda group 9,57 and Soum group 58 pointed out that the gel permeation chromatography (GPC) or size exclusion chromatography (SEC) using polystyrene standards tend to overestimated the value of M n of polylactide; therefore, the experimental values need to be adjusted by a coefficient of 0. 
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To verify the reliability of molecular weight obtained from GPC analysis, we analyzed a commercial poly(D,L-lactide) known as Resomer® R203H with reported M w 18 000-24 000, and determined its M w as 27 000, which is not too far from the reported value. In Table 3 , we compared the M n values from GPC analysis with those from the 1 H NMR method, and found these values are much closer than that using the above-mentioned correcting coefficients. Therefore, the GPC method seems reliable for determining the molecular weights of PLA and PCL. considered low molecular weight (LMW), medium molecular weight (MMW), and high molecular weight (HMW) respectively.
Conclusion
59
Our PLAs have the highest molecular weights (M w ) in the range of 10 000-20 000, which places them as MMW polyesters. This type of polyesters could be used as the so block of thermoplastic elastomers, or carriers for controlled drug delivery and release. Our study suggests that the key factors controlling the ROP reactions include the types of lipases and solvents, the solvent concentration, water contents in enzymes, substrates and solvents, and the reaction temperature. DMA and [BMIM] [PF 6 ] at low concentrations are suitable for the ROPs of lactides and 3-caprolactone leading to M w around 20 000 and moderately high yields. Molecular weights reported in literatures for similar enzymatic ROP methods (see Table S1 † and reviews 17, 48, 60 ) are not always in good agreement even in terms of magnitudes; this could be due to different reaction batches containing different amounts of water in enzymes and solvents, and using different methods for determining the molecular weight. In addition, the precipitation method could cause some discrepancies of molecular weights since precipitation of polyesters from reaction mixture could lead to an increase in molecular weight and a decrease in PDI. 61 
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